Origin of the metric system
Prior to the metric system there existed in France a multiplicity of names and methods of subdivision for the units of weights and measures. Over the centuries there evolved a diverse assortment of standards. Often units having the same name, such as the aune (ell) for cloth, varied in the measure they represented from one town to the next.
In Paris the unit of length was the Pied de Rai (0.325 m), or royal foot, which can be traced back to the reign of Charlemagne (742 or 743-814). A larger unit used in surveying was the toise (1.949 m), which represented six pieds. The Toise du Chatelet was introduced as the legal standard of length in 1668. It was represented by an iron bar attached to the outer wall of the Grand Chatelet, an ancient Paris fortress. This standard was replaced in 1766 by the Toise du Perou that had been used to measure the figure of the earth. The unit of mass was the Livre poids de mare (0.4895 kg), which represented two mares. The livre was defined as 1/ 25 of the 15th-century standard known as the Pile de Charlemagne, consisting of 13 nested copper rings with a total mass of 50 mares (12.2375 kg). 2 All attempts by the Estates-General to impose the "Parisian" units on the whole country were fruitless. Al though many proposals were made to bring order to the disparate system of weights and measures, they were op posed by the guilds and nobles who benefited from the con fusion.
The advocates of reform sought to guarantee the permanence of the units by basing them on properties derived from nature. In 1670 Gabriel Mouton, vicar of St. Paul's church in Lyons, proposed a unit of length equal to one minute of arc on the earth's surface, which he called the milliare. He subdivided this unit by powers of ten to obtain smaller units. Mouton proposed that the length of a pendulum with a specified period be used as a standard to preserve the unit of length. The idea of the pendulum was repeated by the astronomer Jean Picard.
The occasion that made reform possible was the French Revolution of 1789. In 1790 the National Assembly, with the support of its president, Charles Maurice de Talleyrand, empowered a committee of the French Acade my of Sciences to devise a new system of units. The com mittee recommended a decimal system for length, mass, and currency. A second committee (Borda, Lagrange, Laplace, Monge, and Condorcet) was appointed to choose the standard of length. The length of a pendulum with a particular period was rejected because the period depends on the local gravitational field strength. A fraction of a quadrant of the earth's equator was also rejected as being impractical. Instead the new unit, given the name m"etr e in May 1793 (after the Greek word metron, a measure), was defined as the length of one ten millionth of the quadrant of the earth along a meridian passing through Paris. The proposal was accepted by the National Assembly on March 26, 1791 and was enacted into law by King Louis XVI four days later.
The field work necessary to establish the length of the meter was begun in June, 1792. It was decided to survey the distance between Dunkirk, in France on the English Channel, and Barcelona, in Spain on the coast of the Mediterranean Sea (Fig. 1) . Part of this route had been surveyed twice previously. The new measurement was con ducted by the astronomers Jean Baptiste Delambre and P.F.A. M e chain (Fig. 2) . PJon<h.1V. 
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w-'pvE.t. : JIi". Meanwhile the unit of volume, the pinte, was defined as the volume of a cube having a side equal to one tenth of a meter. The unit of mass, the grave (from the Latin gravis, heavy), was defined as the mass of one pinte of distilled water at the temperature of melting ice.
On August 1, 1793 the National Convention, which by then ruled France, issued a decree adopting the pre liminary definitions and terms. The "methodical" nomen clature, specifying fractions and multiples of the units by Latin prefixes, was chosen in favor of the "common" nomenclature, involving separate names. A provisional value for the meter was calculated and a brass weight was derived to represent the grave (Fig. 3) . The next month a "Temporary Commission for Republican Weights and Measures" was appointed to study the project further. The commission recommended that in addition to the metric reforms underway, the Reaumur temperature scale of 1732 (freezing and boiling points of water at O O R and 80 o R) should be changed to a centesimal or centigrade scalenow called the Celsius scale -with fixed points at O°C and 100°C.
Among the many changes in society during the revolutionary period was the adoption of a new calendar consisting of twelve months of thirty days each, concluded by a five or six day holiday. Each month was divided into three ten-day weeks or decades. Furthermore, the day itself was divided into ten hours, each hour was divided into 100 decimal minutes, and each minute was divided into 100 decimal seconds (Fig. 4) . However, unlike the calendar reform, which remained in effect for twelve years, the new method of keeping the time of day was never truly adopted. The Danish astronomer Thomas Bugge reported that he saw only two decimal clocks when he visited Paris in 1798 as a delegate to the international commission for the metric system. 3
The date marking the official inception of the metric system was April 7, 1795. On this day the revolutionary government issued a decree (Loi du 18 germinal, an Ill) formalizing the adoption of the metric units and the terms that are in use today. A brass bar constructed by Lenoir was presented to the Commission of Public Instruction to represent the provisional meter. The pinte, or cadiZ, was renamed the litre (from the Greek lUra, an ancient unit of volume). The unit of mass was the gramme (from the Greek gramma, an ancient unit of mass), equal to the mass of a cubic centimeter of water at DoC, and the grave was re placed by the kilogramme.
The survey to determine the meter was completed in 17 98, having been carried on continuously during the "reign of terror" and the turmoil of revolution. From the measurements of Delambre and M € chain, Laplace obtained 5 130740 toises for the length of the quadrant. The final value of the meter was thus 0.513 074 toise or 443.296 lignes. The provisional value had been 443.44 lignes. * We now know that the quadrant is 10 002 290 m instead of exactly 10 000 000 m as originally planned. The principal source of error was the assumed value of the earth's flat tening used in correcting for oblateness. The provisional meter was actually closer to the intended value. 4
The work to determine the unit of mass was begun by Lavoisier and Ha u y and was completed by Lef � vre Gineau and Fabbroni. They discovered that the tempera ture at which the density of water is maximum is 4°C and not O°C as had been supposed. ."
. �.r..i . c structed to serve as the legal representations of the metric units. On June 22, 1799 they were deposited in the Ar chives de la R e publique and hence were known as the M i tre et Kilogramme des Archives (Fig. 5 ). They became official by an act of December 10, 1799. In spite of its auspicious beginning, the metric system was not quickly adopted in France. During the Napoleonic era several regressive acts were passed due to lack of funds to distribute secondary standards. Nevertheless the system was taught in the schools. Finally, in 1837 the state estab lished a three-year transition period and made the metric system compulsory throughout France as of January 1, 1840.
The Treaty of the Meter
A series of international expositions in the middle of the 19th century enabled the French government to pro mote the metric system for world use. At the Paris Ex position in 1867 the superiority of the metric system was acknowledged by a "committee for weights, measures, and currencies." The International Geodetic Association also expressed interest but was concerned over the permanence of the M -e tre des Archives. The full length of the bar defined the meter and there was a possibility that the ends had become worn through use.
In 1870 an international commission of scientists met in Paris to consider the design of new international metric standards. The meeting was suspended because of the Franco-Prussian War but was resumed in 1872. 
The meter
The design of the new meter was based on four major considerations: (1) An alloy of 90% platinum and 10% iridium was selected because of its inalterability, hardness, luster, high coefficient of elasticity, and low coefficient of expansion. (2) A special X-shaped cross section designed by the French physicist Henri Tresca was adopted for maxi mum rigidity. (3) The meter was defined by the distance between two engraved lines on the neutral plane (top surface of the bridge) instead of the distance between the end faces (Fig. 9 ). (4) The meter was derived from the Metre des Archives in its existing state and reference to the earth was abandoned. In 1927 the Seventh General Con ference specified the manner in which the meter bar should be supported during a comparison.
The permanence of the international prototype was verified by comparison with three companion bars called "check standards." The only organized intercomparison of the national meters subsequent to the original one began in 1921 and lasted 15 years. It was found that the family of prototype meter bars preserved the unit to within 0.2 pm. 4 In addition to periodic comparisons with the check standards there were nine measurements of the internation al prototype meter in terms of the red line of cadmium between 1892 and 1940. The first of these measurements was carried out by A. A. Michelson using the interferometer which he invented.
Michelson believed that a practical standard of length could be defined in terms of a specified wavelength of light. In 1887 he and E. W. Morley published a paper entitled "On a Method of Making the Wave Length of Sodium Light the Actual and Practical Standard of Length." It appeared in the same volume of the American Journal oj Science as their paper on the famous Michelson-Morley experiment which yielded no evidence of an "ether" wind.
In searching for a suitable spectral line Michelson discovered the phenomena of fine structure and hyperfine structure that were to play important roles in the develop ment of quantum mechanics and relativity. He investigated the spectra of sodium and mercury but settled on the red line of cadmium. At the International Bureau in Sevres,
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THE PHYSICS TEACHER DECEMBER 1981 In 1905 Beno!t, Fabry, and Perot found that the meter was equal to 1553164. 13 cadmium wavelengths using the Fabry-Perot interferometer. This value was ac cepted by the Seventh General Conference on Weights and Measures in 1927 as an alternative definition of the meter. The conference, however, refrained from declaring it the absolute standard. Although the wavelength measurements demonstrated the feasibility of an optical standard, they did not offer a sufficient advance in precision to warrant replacing the older definition.
Significant improvements in the construction of monochromatic light sources occurred following World War II at the U.S. National Bureau of Standards and at the International Bureau. A krypton-86 lamp was judged to be the most satisfactory source, combining both the availa bility of a convenient emission line and excellent operation at low temperatures (Fig. 10) . No spectral line is truly discrete. However, extraneous components can be elimi nated by using the gas of a single isotope. By choosing an isotope with an even atomic number and an even mass number, the hyperfine structure is also eliminated because there is then no interaction between the spins of the elec trons and the nucleus. The motion of the atoms themselves precludes a perfectly sharp line due to Doppler broadening. This property is minimized by using a gas of heavy atoms at a low temperature.s
The value of the krypton wavelength was obtained, not by a remeasurement of the international prototype The kilogram
In 1889 the First General Conference adopted a new standard of mass which was copied from the Kilogramme des Archives. It was assigned the value of one kilogram by definition. The definition has survived to the present.
The international prototype kilogram is made from the same platinum-iridium alloy as the meter bar of 1889.
The material is not subject to oxidation, it is very hard, and has high density (almost twice that of lead). The kilogram is in the shape of a cylinder with a height equal to its diam eter, 3.9 em, with slightly rounded edges (Fig. 12) . (Fig. 13 ). There is also evid ence in the form of fossils of coral which exhibit both daily and annual growth rings. In contrast, the time scale of civil clocks is Coordinated Universal Time (UTC), which is intended to approximate 
Derived Units
questions: recommendation of (1) the most convenient unit of resistance and (2) the best form and material for a standard to represent the unit. 
L2M T-3 10 7 Fig. 15 . B.A. standard of resistance. This standard resistor, con structed in 1863 and 1864, was the first electrical standard to be distributed widely. It consisted of a coil of platinum-silver wire wrapped in silk, imbedded in paraffin and enclosed in a thin brass case. The heavy leads were made of copper. In operation the stand ard was used in a water bath. Soon after it was introduced the "B.A. unit" became known as the "ohm." (National Bureau of Standards photo.)
MGS electromagnetic units (resistance had the dimensions of velocity). * The unit was preserved in terms of the resistance of a coil of wire of specified design (Fig. 15) . It was the first electrical standard to be distributed widely. Continued on page 613 **In the rationalized MKSA system the force between two long parallel wires is given by F = J.lo 1tQI2rrd where J.lo = 4rr x 10-7 N / A 1. . In the unrationalized MKSA system the force law is F = 2J.1oIl Qjd but J.lo = 1O -7 NI A 2. In both systems the unit of current (the ampere) is the same and is defined as "that constant current which, if maintained in two straight parallel conductors of infinite length, of negligible circular cross section, and placed 1 meter apart in vacuum, would produce between these conductors a force equal to 2 x 10-7 newton per meter of length." Coulomb's law is F = qq'/4rreor2 (rationalized) or F = qq'leor2 (unrationalized). The permittivity of free space eo is related to J.lo for either system by eoJ.lo = l/cl. The ampere is defined in terms of the force of attrac tion experienced between two parallel, infinitely long cur rent-bearing wires. In practice, however, a primary calibra tion experiment involves the measurement of the force between two coils of a current balance (Fig. 16 ). Although the base unit for electricity is the ampere, electrical units are realized through the volt and the ohm. A standard resistance coil can be calibrated by comparison with the reactance of an inductor or a capacitor, whose values are computed from their dimensions, at a known frequency (Fig. 17) . The customary method of maintaining the elec trical units has thus been through banks of standard cells and standard resistors (Fig. 18a) . Conference completed the task and introduced the name "International System of Units (SI)." During this period the metric unit definitions, symbols, and terminology were extensively revised. In addition, the radian and the stera dian were placed in a special class of supplementary units.
The mole was added as a seventh base unit in 197 1. SI has rapidly become the one system of units advocated for universal use.
